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Abstract
This paper starts from the results of the paper “Combined MGT – ORC solar – hybrid system. Part A: plant optimization PART 
A” and, as far as the selection of the ORC expander is concerned, different solutions are compared between radial turbines, 
volumetric and scroll expanders.
A preliminary extended similarity study aids the search of the most suitable expander to be adapted to the ORC application. 
Actually, the most critical aspects regard the change in the operating fluid with dramatically different characteristics in terms of 
compressibility effects, molecular weight, and transport properties. 
Once the adaptability of an existing expander to such a different fluid has been detected, the effectiveness of this choice is validated 
by a CFD analysis. The component analysis is completed by the investigation of the reacting flow through the MGT combustor 
supplied with natural gas or biogas.
© 2015 The Authors. Published by Elsevier Ltd.
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1. Introduction
As already stated in the Part A of this work, the organic Rankine cycle power plants represent a viable solution for 
the exploitation of low grade energy sources but their low thermal efficiency would lead to an excess either in the 
mirror surface area, if directly matched to solar field, or in energy resource consumption. Therefore, their employment 
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within an integrated power plant that includes other energy conversion systems [1, 2, 3] appears to be a more 
appropriate way to achieve an increase in the plant mechanical output, together with an appreciable flexibility with 
respect to variable demands of mechanical and thermal outputs.
On the other hand even if combined with a Micro Gas Turbine of the 30 - 100 kW range, the ORC bottoming plant 
promises a power increase of  5 - 15 kW. Therefore its attractiveness may be improved if low cost components are 
selected and, in this sense, the authors have addressed their studies to the employment of existing expanders [4, 5, 6]. 
In particular, this paper deals with the analysis of a radial flow turbine of the typical size that can be found in 
automotive turbocharging, when employed with different fluids for ORC applications.  
The methodology proposed by the authors starts from the use of the classical relationships that can be derived from 
the fluid-dynamic similarity criteria [7]; this preliminary step allows determination of the turbine operating conditions. 
Such data are introduced into the integrated Solar-MGT-ORC plant simulation for a prediction of the power and 
thermal outputs. The definite check of the adaptation of the turbine to the variations in both working fluid and boundary 
conditions is performed by a CFD analysis that accounts for the real gas behaviour throughout the expansion. Actually, 
both themes have solicited the interest of many researchers to a deeper study of the response of organic fluid when 
employed in dynamic expanders: 
- accurate fluid-dynamic analyses [8 - 11] are required for high molecular mass gases or vapours with lower sound 
speeds and for lighter fluids ,like ammonia, that imply an increase in the flow and turbine velocities. 
- a particular attention must be paid to the deviation from the ideal gas model, which characterizes most of the 
organic fluids [ 12 -15] 
In developing their fluid-dynamical computations, the authors have taken into account for both topics. The 
discussion of the related results will put into evidence the cases that lead to a satisfactory fitting of the thermodynamic 
predictions and those that require a refined investigation.
In the final part of the paper a further fundamental component analysis is discussed, with reference to the response 
of the MGT combustor to the supply of a typical biogas from anaerobic digestion, which would replace the 
conventional natural gas so leading to a full employment of renewable energy sources.
Nomenclature
D Rotor Diameter
H Total enthalpy 
m Mass Flow Rate
(m) Molecular Mass
MGT Micro Gas Turbine
N Rotational speed (rpm)
p          Pressure
P Power
SF Scaling Factor
T          Temperature
Greeks
K Efficiency
ȕ Pressure Ratio
PDynamic Viscosity
QKinematic Viscosity
Ȧ Angular Velocity
Subscripts
air Air
fuel inlet fuel
el Electric output
gel Global Electric
m Mirror 
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mec Mechanical Output
ref Reference conditions
sun The direct normal solar irradiation incident on the collector
therm Thermal Input
ts Total-to-static
tt            Total-to-total
0             Total conditions
1             Turbine inlet
2             Turbine outlet
2. ORC with dynamic expander
Basing on the integrated solar-MGT-ORC plant concept that has been widely discussed in the part A, in this section 
a particular choice for the bottoming ORC parameters is analyzed. Actually, the evaporating pressure of the organic 
Rankine cycle has been established in order to meet the similarity criteria, which are usually adopted for extending to 
different working fluids the employment of a turbomachine that has been initially conceived for an air based operation.
More specifically, the purpose is to pursue a low cost component selection through the use of existing technologies 
like, in the case of the ORC expander, the down-sized radial flow turbine concept for the turbocharger applications. 
To this aim, the well known relationships for the evaluations of the corrected parameters and the total-to-static pressure 
ratio have been modified in order to estimate the new operating conditions when changing the working  fluid from the 
reference air based expansion to the one with the organic fluid vapour: 
Total-to-static pressure ratio:
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The above relationships put into evidence that the changes in both rotational speed and mass flow rate are mainly 
governed by the molecular mass of the new working fluid, while the turbine pressure ratio varies in accordance with 
the isentropic exponent .
Some uncertainties arise, of course, from the application of these formulas, since the adiabatic efficiency is initially 
unknown and, mainly, because of the real gas behaviour that must be expected from the organic fluid expansion. 
Nevertheless, an initial estimate of the new operating conditions is 
possible, both for establishing the ORC evaporating pressure and for 
assigning the boundary conditions of the CFD analysis of the turbine.
In order to assess the effectiveness of this approach, the authors 
started from a typical geometry of a down-sized radial flow turbine 
rotor (fig. 1) with a pressure ratio of 4.1 and an angular speed of 20000 
rad/s. The external diameter and the axial displacement are of   47.8 
mm and 19.9 mm, respectively. The 9 blade arrangement was chosen 
after a parametric analysis for the identification of the optimum blade
number for the best compromise between total pressure losses and 
Fig. 1.  Three dimensional views of the
radial flow turbine rotor
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aerodynamic load control.
Table 1. Operating Conditions and Properties of the several working fluids
Air R245fa R134a Ammonia
P01 (bar) 4.1 6.315 28.64 47.66
T01 (K) 473 439 455 699
P2 (bar) 1.013 2.52 10.17 15.55
Ett 3.17 2.19 2.39 3.07
refmm  /
(expected)
1.0 3.01 12.18 6.84
Ȧ (rad /s) 20000 7850 9500 29600
J 1.392 1.077 1.153 1.234
Inlet Sound Speed
(m/s)
435.3 161.3 180.6 635.0
P (Pa s) 2.615 x 10-5 1.546 x 10-5 1.908 x 10-5 2.561 x 10-5
Q(m2/s) 8.915 x 10-5 6.281 x 10-5 2.159 x 10-5 18.01 x 10-5
Table 1 reports the expected variations in the operating conditions with different working fluids when applying 
equations (1 - 3); the maximum allowable temperature for each fluid was assumed. The condensing pressure was 
estimated at 40 °C, so that the pressure ratio calculation with equation (1) allowed determination of the turbine inlet 
pressure to be introduced in equation (3).
It is worth-noting to observe that high molecular mass fluids, like R245fa and R134a, induce a significant reduction 
in the rotational speed, with non negligible advantages in terms of rotor and seal durability and of matching with a 
variable speed alternator as well. The use of ammonia, even if more favourable in terms of cycle efficiency thanks to 
its higher superheating temperature, would imply an increase in rotor speed. A further drawback from the use of 
ammonia is represented by increased friction losses, due to both the increased velocity levels and the higher values of 
kinematic viscosity. All fluids suggest an increase in mass flow rate, but such data should be in accordance with the 
heat recovery capacity of the ORC boiler, like discussed in the following.
Table 2. T100 and C30 micro gas turbine datasheet
Turbine Datasheet T100 C30
Regenerator Efficiency 0.877 0.877
³ȕcomp” 4.61 3.45
Turbine Inlet temperature (K) 1223 1173 
Net Power Output 100 kW (±3) 28 kW (+0/-1)
N 70000 rpm 96000 rpm
Exhaust gas Temperature (K) 543 548
The set up of the combined plant calculations made use of the operating data of two micro gas turbines, say the 
Turbec T100 and the Capstone C30, whose main features are recalled in table 2. Regarding to the solar field, the direct 
irradiance was estimated for a 40.1° latitude site at 12.00 hrs. of the vernal equinox, so obtaining peak and daily values 
of 609.4 W/m2 and 7029 kWh/ m2. The heat transfer medium was the DOWTHERM A oil, with a maximum 
temperature of 426.7 °C.
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Fig.2. Layout of the integrated Solar - MGT - ORC CHP plant.
Fig. 2 gives an example of the plant layout of the integrated Solar - MGT - ORC concept, which is completed by 
two heat recoveries from both the diathermic oil and the exhausts. Such a solution allows CHP operation and, at the 
same time, a good flexibility in terms of plant response to variable heat and electricity demands.
Table 3. Thermodynamic data of the ORC bottoming plant
T100-R245fa and 
Anaerobic Digestion
T100-R245fa and 
Natural Gas
C30-R245fa C30-R134a C30-Ammonia
ORC mass flow(kg/s) 0,8216 0,8 0,4419 0,4668 0,0654
ORC boiler input 
Temperature, gas side 
(K)
712,3 708,8 719 719 719
ORC Super-Heating 
temperature(K)
439,8 439,8 439,8 454,8 699,1
ORC maximum 
pressure(bar)
6,315 6,315 6,315 28,64 47,66
ORC condensing 
pressure(bar)
2,57 2,57 2,57 10,37 15,86
Table 3 displays the main thermodynamic data that result from the integration of the solar field with the combined 
MGT-ORC power plant. As expected, the exhaust temperature is raised, if compared with the one reported in table 2, 
because of the additional heat transfer from the diathermic oil to the air exiting the MGT compressor. This produces 
an increase in the organic mass flow rate for both the RR245fa and R134a fluids, while in the case of the ammonia 
also an higher superheating temperature is allowed, the latter inducing significant benefits by a thermodynamic point 
of view. As a consequence, the most interesting results in terms of overall efficiency (referred to the fuel energy input 
ion table 4) are those obtainable from the ammonia use, while benefits from high molecular mass fluids are limited to 
a power output increase. Therefore, in the latter cases the additional possibility that is offered by the heat recovery 
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devices for a combined heat and power production appears to be mandatory for ensuring a viable energy saving from 
the solar-integrated solution.
Table 4. Performance data of the integrated Solar - MGT - ORC CHP plant
T100-R245fa and 
gas from Anaerobic 
Digestion
T100-R245fa and 
Natural Gas
C30-R245fa C30-R134a C30-Ammonia
ORC net Power (kW)
12,67 12,33 6,79 10,21 14,77
MGT shaft Power(kW) 111,3 108,5 33,04 33,04 33,04
MGT net Power(kW) 104,5 101,8 30,07 30,07 30,07
Șgel* 34,86% 35,09% 36,93% 40,35% 44,92
Net Heat Absorbed by 
Solar Field(kW)
220,3 220,3 94,42 94,42 94,42
Recovered Heat from 
Diatermic Oil (kW)
68,55 68,55 17,11 17,11 17,11
Recovered Heat from 
Exhausts (kW)
42,34 41,8 15,96 15,96 15,96
Field Surface 
(Reflecting Area m2)
501,4 501,4 214,9 214,9 214,9
*Șgel= Overall Electric Efficiency (“ORC net Power” +”MGT net Power”)/(combustor fuel input)
Finally, it should be reminded that the thermodynamic and performance data  in
tables 2 and 3 result from the assumption of the similarity conditions for a radial 
flow turbine. Therefore, the CFD study of this component will be useful to check 
if the estimated mechanical power fits the values that are predicted by the 
thermodynamic analysis (i.e., those reported as ORC net power in table 3). 
Similarly, an analysis of the reacting flow through the combustor will validate the 
possibility of an efficient use of the gaseous fuel from anaerobic digestion, so 
suggesting a full exploitation of renewable energy sources for the solar integrated 
CHP plant.
3. CFD analysis of the radial turbine 
The fluid-dynamic analysis of the radial flow turbine was carried out in a 3D 
periodic sector of 40° (fig. 3) with a tetrahedral mesh of 75000 elements (with an 
average volume of 8.3 x 10-2 mm3 and an average edge size of 0.44 mm). The 
viscous flow was solved in the moving reference frame with the angular speeds 
and the boundary conditions reported in table 1 and a 7 equation Reynolds stress 
model. 
The results from the CFD analysis are summarized in table 4. First of all, the 
fair approximation provided by the preliminary application of the similarity 
relationships (1-3) is confirmed: actually, the values of mass flow rate of the different fluid are close to those predicted 
in table 1. In addition satisfactory values of total-to-total and total-to-static efficiencies seem to be obtainable also 
from the organic fluid expansion and some differences that can be detected in table 3 are strictly in accordance with
the variations in both kinematic viscosity and velocity levels. As a further confirmation of the achievement of 
similarity conditions in the flow through the turbine rotor, a same order of magnitude of the outlet and maximum 
Mach numbers is observed: the differences may be, of course, explained by the variations in the adiabatic exponent 
and by the real gas behaviour of the organic fluids as well.
Table 5. Results of the CFD analysis of the radial flow turbine rotor.
Fig. 3.  Unstructured mesh 
of the periodic sector
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Air R245fa R134a Ammonia
Ett 3.17 2.19 2.39 2.54
Ets 4.10 2.51 2.82 3.07
Ktt 0.788 0.903 0.883 0.833
Kts 0.658 0.771 0.749 0.703
m (kg/s) 0.102 0.344 1.330 0.750
H' (kJ/kg) 103.8 18.79 27.76 258.9
Hm' (kW) 10.56 6.46 36.93 194.1
Outlet Absolute 
Mach Number
0.603 0.496 0.560 0.539
Maximum Relative 
Mach Number
1.727 1.454 1.543 1.604
Air R245fa
R134a Ammonia
Fig. 4 . Meridional View of averaged contours of relative Mach number
Also the contours in fig. 4 give a proof that similar trends in the relative Mach number are obtained and also a 
same shock location in a meridional surface can be observed. The weak-intensity shock wave is also detectable in fig.
5 that provide an additional confirmation of the flow similarity through both the meridional flow path and the hub-to-
tip distance. Also in the latter diagrams the differences are due to the different expansion characteristics of the several 
fluids.
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Fig. 5. Streamwise and Spanwise patterns of Mach number and static pressure
3.1 Scaling factors and reduced angular velocity
If comparing the mechanical energy flows ( Hm' ) with the expected power outputs from the ORC bottoming plants 
in table 4, it can be concluded that only in one case (i.e., the C30-R245fa) an acceptable matching exists between the 
two values. All other cases require an adaptation of the turbine to the thermodynamic performance data. More 
specifically:   
- In the T100-R245fa cases, a lack in mechanical output can be observed, due to a defect in the mass flow rate that 
can be delivered by the turbine rotor with respect to the one obtainable from the heat recovery ORC boiler: in order 
to comply with this requirement, a linear scaling factor is applied according to the well known relationships:
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A scaling factor of 1.525 was established, so ensuring a geometrical similarity to the rotor geometry while preserving 
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the levels of peripheral velocity, total enthalpy drop and blade loading as well. The angular velocity may receive a 
further reduction to a new value of 5146 rad/s.
- Similarly, the C30-R134a case implies a reduction in mass flow rate for fitting the expected level of mechanical 
output. The same relationships (4) suggest a size reduction by a scaling factor of 0.592, with a consequent increase of 
the angular speed to 16077 rad/s.
- Finally, the value of ( Hm' ) in table 4 is much higher than the one expected for the C30-ammonia case in table 3, 
due to an excess in both enthalpy drop and mass flow rate. A simultaneous reduction of these parameters was obtained 
by means of an iterative procedure that led to a decrease in the angular velocity (and, therefore, in the rotor flow 
capacity) and in the pressure ratio, in accordance with the additional relationship:  
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The new pressure ratio value was of 1.210 with a modified angular speed of 19700 rad/s. Therefore, the similarity 
relationships (1 - 4) are no longer complied with but, on the other hand the flow through the turbine rotor takes place 
under reduced velocity levels and the decreased rotational speed should also induce benefits in terms of durability. Of 
course non negligible variations in the plant performance data result from this solution: actually, the ORC mechanical 
output drops down to 3.02 kW and the overall efficiency decreases to 0.314.
Table 6. Results of the CFD analysis of the scaled or reduced speed turbine rotors.
R245fa Scaled R134a Scaled
Ammonia Red. 
Speed and 
Pressure Ratio
Ett 2.19 2.39 1.19
Ets 2.51 2.82 1.21
Ktt 0.904 0.886 0.577
Kts 0.773 0.752 0.563
m (kg/s) 0.779 0,467 0.070
H' (kJ/kg) 18.51 27.86 2.57
Hm' (kW) 14.41 13.16 15.17
Outlet Absolute 
Mach Number
0.498 0.561 0.087
Maximum Relative 
Mach Number
1.467 1.592 0.667
Table 6 confirms that the scaled rotors for the expansion of R245fa and R134a return flow conditions and 
performance data very close to those obtained with the original size (table 5). A different consideration applies to the 
ammonia operated rotor with reduced speed and pressure ratio. In this case a dramatic off-design  condition takes 
place (fig. 6) and therefore blade incidence losses and flow recirculation induce a relevant decrease in the efficiency. 
This leads to conclude that the operation with light organic fluids, like ammonia, requires a more accurate process for 
a satisfactory adaptation of a radial turbine or, as an alternate choice, the selection of different expanders for the 
maximum exploitation of its more attractive thermodynamic behaviour.
4. Comparison of changes in combustion fuelling
The two cases in table referring to the integrated plant based on a T100 micro-turbine have been developed for two 
different fuels, say a typical natural gas with 87% of methane and a biogas from anaerobic digestion with 62% of 
methane and 36% of CO2. Despite the rather similar results in terms of performance, attention must be paid to the 
Fig. 6. Mach number contours for the
reduced speed ammonia case
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correct combustion development in the case of the low calorific value fuel. Actually, the biogas is also characterized 
by a lower adiabatic flame temperature that would limit the thermal NOx production but, on the other hand, major 
problems in ignition and flame stability could arise. In their recent papers, some of the authors have found that a 
satisfactory combustion completion in a lean premixed combustor of a 100 kW class MGT is obtained with the gaseous 
bio-fuel by increasing the intensity of the pilot flame: the fuel pilot flow rate is raised to 30% of the total fuel, instead 
of the rated 10% for natural gas fuelling. A CFD based proof of this solution is given by fig. 7 and 8. The first one 
demonstrates that the biogas fuelling leads to rather similar temperature profiles thanks to the increase in the pilot 
flame intensity, so preserving a good level of combustion efficiency. On the other hand, no significant increase in the 
nitric oxide production results from the contours in fig. 8 and, therefore, no additional environmental impact is induced 
by the employment of the bio-fuel.
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5. Conclusions 
In this second part of their work, the authors have analyzed the response of some key components within an in 
integrated Solar-MGT-ORC power plant. Such a concept, as already demonstrated in part A, exhibits interesting 
features in terms of energy saving and operating flexibility and it has been also proved that the employment of gaseous 
biofuels returns a satisfactory combustion efficiency, so promising a combined employment of renewable thermal 
energy sources
Regarding the ORC expander, a particular option has been examined, say a radial flow turbine derived from the 
down-sized turbocharger technology. The main outcomes, that was based on the combined use of classical similitude 
theories and CFD investigations,  from this study may be summarized as follows:
- The maximum pressure of the organic Rankine cycle must comply with the turbine pressure ratio that is required 
by the similarity criteria for each different working fluid;
- High molecular mass fluids, like R245fa and 134a, allow reduction of the rotor speed and they also preserve good 
levels of internal efficiency. 
- Light organic fluids, like ammonia, that are characterized by higher sound speeds, imply increases in flow and 
rotor velocities and in flow losses as well. Most challenging off-design situations take place, so that a poorer adaptation 
to the modified operating conditions is observed.
Therefore the computational fluid dynamics has validated the possibility of a reliable use of the well-known 
similarity relationships for the choice of an existing expander to be adapted to a working fluid expansion. In addition, 
the most critical cases may be identified, so addressing  deeper analyses that will be developed in the future authors' 
activities.
Natural Gas
Biogas (AD)
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